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Abstract
The microphysical properties of black carbon-containing particles change due to interaction with other
aerosol components after emission, altering their radiative properties and cloud condensation nuclei activity.
Understanding these aging processes is essential in assessing black carbon’s direct and indirect climate forcing.
The initial black carbon becomes a complex distribution of distinct multi-component particles, which is not
adequately represented by conventional aerosol microphysical schemes. Most models simulate a bulk aerosol
population, assuming that each particle contains only a single species or a homogeneous composition for all
particles of a given mode or size. In this study, we use the particle-resolved aerosol model PartMC-MOSAIC
to assess the aging mechanisms of black carbon-containing particles of varied initial size and composition.
PartMC-MOSAIC explicitly tracks the mass composition of each particle and is uniquely capable of
resolving changes in the particle mixing state owing to coagulation and condensation. We simulated black
carbon-containing particles emitted into an idealized urban plume of varied the aging conditions. We assessed
the sensitivity of properties of the processed black carbon population, such as geometric mean diameter,
hygroscopicity, and cloud condensation nuclei activity, to changes in local ambient conditions.
The simulation results indicate that the evolution of the black carbon mixing state is most sensitive to the
formation of secondary inorganic aerosol, affecting condensation, and the total aerosol number concentration,
affecting condensation and coagulation. Because small particles tend to age by coagulation and large particles
tend to age by condensation, the relative importance of condensation or coagulation as aging mechanisms
depends on the initial size of the black carbon particles.
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Chapter 1
Introduction
Trace gases and particles in the atmosphere alter the Earths energy balance, increasing or decreasing the
global surface temperature [6]. This energy perturbation is typically quantified in terms of the difference
between incoming and outgoing radiation at the tropopause relative to pre-industrial conditions, termed
radiative forcing, which has units Wm−2. The magnitude of warming by carbon dioxide (CO2) exceeds that
of any other gas species, with an estimated forcing of 1.5 Wm−2 [15]. Warming by CO2 and other greenhouse
gases is partially offset by a negative forcing exerted by particles in the atmosphere. Uncertainties in forcing
by atmospheric particles, or aerosols, exceed uncertainties by all other forcing agents combined [15]. All
particles scatter incoming solar radiation, causing a cooling effect, but some particles also absorb solar
radiation and, thereby, exert a warming effect. The climate forcing associated with this direct scattering
and absorption by aerosol particles is termed the aerosol direct effect.
Black carbon (BC) is the dominant absorbing aerosol species in most locations [41]. Unlike CO2, which
remains in the atmosphere on the order of 100 years, BCs atmospheric lifetime is on the order of 1 week [31].
However, BC absorbs so strongly that within its short lifetime it has a significant impact on the climate
[18, 19, 29, 33]. Estimates of BCs climate burden vary considerably across models, with estimates for BC’s
direct radiative effect ranging from 0.25 W m−2 [26] to 0.9 W m−2 [38]. Some models estimate that present-
day warming by black carbon may be as much as 0.3-0.4C [10, 23], while other studies attributed to BC a
temperature difference of only 0.1C [26].
The magnitude of BC’s climate forcing depends on the microphysical properties of individual BC-
containing particles and the lifetime and distribution of these particles in the atmosphere. BC-containing
particles are emitted to the atmosphere through fuel combustion, so emissions from traffic are an important
source [7]. Measurements indicate that these particles are emitted to the atmosphere as small particles that
tend to be rather hydrophobic [25, 44]. However, the exact hygroscopic properties of emissions vary from
source to source and with fuel type [1, 42]. In addition to uncertainty in properties particles at emission, the
size and composition of individual particles (i.e. the particle ”mixing state”) is altered soon after emission.
As particles are transported from the emission source, their mixing state evolves owing to condensation
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of secondary aerosol and coagulation with pre-existing particles, processes collectively termed aging [44],
altering particles’ morphology, chemical reactivity, and optical properties [8, 22, 25, 47]. In particular, aging
alters BC’s hygroscopic properties and the tendency for these particles to activate into cloud condensation
nuclei (CCN) [1, 9, 16], which is important in assessing BC’s atmospheric residence times. If BC-containing
particles activate into a CCN and those CCN grow into a cloud droplets, the BC mass contained in the
particles is removed from the atmosphere if the cloud precipitates. This process, termed wet deposition,
accounts for 70-85% of BC’s tropospheric removal [36], CCN activation properties must be known to estimate
BC’s atmospheric lifetime and overall climate impact.
One challenge in assessing the transformation of BCs CCN properties is the simulation of aerosol dynamics
near the emission source. In polluted environments BC’s mixing state evolves on spatial scales that are
smaller than global model grid boxes [39, 40]. The representation of aerosol microphysics varies across global
climate models, but even models simulate aerosol dynamics cannot represent rapid aerosol processing with
coarse global model girds. Aerosol microphysical schemes implemented in global models treat average aerosol
properties across grid boxes that are on the order of 0.5◦ × 0.5◦ to 5◦ × 5◦ latitude × longitude. Modeling
and measurement studies indicate that climate-relevant properties of BC-containing particles change on the
order of a few hours [25, 40], and an average of aerosol properties may not account for these rapid sub-grid
aging processes.
In many cases the estimated CCN activity of a population is sensitive to the numerical treatment of
the mixing state [2, 13, 14], but computation restraints limit the representation of size and speciation when
simulating a large number of particles. Various methods have been used to model aerosol dynamics on the
global scale. Some global models use simple parameterizations to represent aerosol aging processes, while
others simulate dynamics with a coupled aerosol model.
In the simplest case, only aerosol mass is tracked. Dynamics, which depend strongly on the aerosol size
distribution, are represented by simple parameterizations. For example, in such models the conversion of
BC from hydrophobic to hydrophilic is often parameterized as a first-order aging timescale, and modeling
studies have shown that global model results depend critically on the assumed value of this aging timescale
[12, 27]. Sophisticated aerosol models have coupled to global climate models, but these aerosol models must
make some assumptions about the aerosol mixing state to simulate aerosol dynamics at the global scale.
The aerosol population either assumes that all particles contain only a single chemical species, or that all
particles within a given mode have the same chemical composition. Two common assumptions are that the
particle population is fully internally mixed or fully externally mixed. The first assumes that all particles
within a mode or size bin have the same composition. The second assumes that all particles contain only a
2
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Figure 1.1: Sectional, modal, and particle-resolved representations of the aerosol mixing state
single species; i.e. that they are of uniform composition.
Modern aerosol microphysical models generally use a sectional, modal, or moment-based treatment of
the aerosol mixing state. Sectional models [20, 45], depicted in Figure 1.1(b), divide the aerosol distribution
into size bins and simulate aerosol dynamics by increasing or decreasing the number of particles in each
bin. Particles within each bin are assumed to be an internal mixture, as described above. Modal and
moment-based models track the evolution of externally mixed aerosol populations, depicted in Figure 1.1(a).
Modal models [3, 5] assume that each population is lognormally distributed with a pre-defined geometric
standard deviation. Moment-based models [30] do not make any assumptions about the shape of the aerosol
distribution and, instead, track a few of its low-order moments.
Because particles in the atmosphere are not full internal or external mixtures, but rather have a complex
collection of particles of varied size and composition, simplifying the aerosol mixing state introduces error
into the model estimates. Results from modeling studies by Jacobson [21] indicate that BC’s climate forcing
is highly sensitive to the treatment of the BC mixing state. When BC-containing particles were assumed
to have a core-shell configure, BC’s forcing was 50% lower than externally mixed BC and 40% higher
than internally mixed BC. Park et al. [32] assessed differences in regional air quality when BC-containing
particles were assumed to be internally mixed, externally mixed, or particles that transition from externally
mixed to internally mixed. They found the greatest agreement between modeled and measured BC surface
concentrations when particles assumed to gradually transition from external to internal mixtures. Cubison
et al. [13] compared measurements with model results for particles simulated under different mixing state
representations. They treated a sectional representation with some particles represented as external mixtures
and found that closure between modeled and measured CCN concentrations depended critically on a realistic
representation of external mixing in the plume.
In this work, we used the particle-resolved model PartMC-MOSAIC [39, 46] to simulate the sub-grid
transformation BC’s microphysical properties. Unlike other aerosol models, which make some assumption
about the aerosol mixing state [3, 20], PartMC explicitly tracks the mass of each constituent species in
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each individual aerosol particle. The particle-resolved framework, therefore, fully resolves single-particle
properties without making assumptions about the particle mixing state. Due to computational restraints
it is infeasible to run particle-resolved simulations on the global scale. However, we can simulate aging
processes that occur on short timescales with PartMC-MOSAIC, where the details of the particle mixing
state are most important, and inform global models how these particles change at this sub-grid level. In
this study, we simulate BC-containing particles aged in an urban environment and assess the sensitivity of
BC’s evolving CCN activity to the size and composition assigned to BC-containing particles at emission.
We treat condensation and coagulation as the dominant aging processes and simulate each scenario under
three limiting cases: 1) particles aged by condensation alone and coagulation was turned off, 2) particles
aged by coagulation alone and condensation was turned off, and 3) in the most realistic case particles aged
by both condensation and coagulation.
Other studies have investigated the influence of assumptions about BC’s microphysical properties at
emission on global cloud properties [4, 24, 28]. In these cases, the authors analyzed the differences in climate
effects between biofuel and fossil fuel emissions, which differ in size and composition. Bauer et al. [4] took
this one step further, altering the size distributions of aerosol populations across simulations. In this case the
emission mass was varied across simulations, but the particle number was altered according to the assumed
size distribution. They found that decreasing particle sizes and, thereby, increasing particle number caused
cloud droplet number concentrations to increase. While these studies indicate that BC’s emission size and
composition must be known to assess particles’ climate impact, they do not provide a comprehensive analysis
of the evolution of particle properties that cause the sensitivity. In this work, we do not compute sensitivities
on the global scale, but rather analyze the role of condensation and coagulation in altering CCN activity on
short spatial scales.
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Chapter 2
Methods
This study investigated the sensitivity of aged BC’s CCN activity to the size and composition of BC-
containing particles at the time of emission. We evaluated this sensitivity under three limiting cases: 1) in
the most realistic case, both condensation and coagulation were simulated, 2) condensation was simulated
with coagulation turned off, and 3) coagulation was simulated with condensation turned off. At each time
step, we compared the number fraction activated, or CCNBC/CNBC, and the BC mass contained in CCN
active particles, or MBC,CCN/MBC.
2.1 PartMC-MOSAIC model description
PartMC-MOSAIC [39, 46] simulates the evolution of trace gases and individual aerosol particles in a well-
mixed Lagrangian air parcel. The air parcel is advected according to a prescribed trajectory and during
transport receives gas and aerosol emissions. The parcel is mixed with background gas and aerosol according
to a fixed dilution rate. Within the parcel the model simulates gas- and aerosol-phase chemistry, coagulation
between individual particles, and condensation and evaporation of volatile aerosol species. In this section
we give a brief description of PartMC-MOSAIC. All equations in this section are based on the derivation by
Riemer et al. [39]. A comprehensive model description is given in Riemer et al. [39].
We simulate Np particles within a computational volume V . For each of the Np particles, we track
the mass of A different aerosol species. The composition of each particle is, therefore, described by an
A-dimensional vector such that ~µa = (µ1, µ2, . . . , µA), where µa is the mass of species a in particle i.
The particle particle mixing state can, therefore, be represented as an A-dimensional number distribution
at time t defined as:
n(~µ, t) =
∂AN(~µ, t)
∂µ1∂µ2 . . . ∂µA
(2.1)
Within the computation volume, the mixing state of the aerosol population evolves owing to coagula-
tion (Section 2.1.1), gas-particle mass transfer (Section 2.1.2), and emission and dilution (Section 2.1.3).
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The temporal evolution of the aerosol distribution n(Ddry, κ) is modeled by the following general dynamic
equation:
∂n(~µ, t) =
∫ µ1
0
∫ µ2
0
. . .
∫ µA
0
K(~µ′, ~µ− ~µ′)n(~µ′, t)n(~µ− ~µ′, t)dµ′1, dµ′2 . . . dµ′A︸ ︷︷ ︸
coagulation gain
−
∫ µ1
0
∫ µ2
0
. . .
∫ µA
0
K(~µ, ~µ′)n(~µ, t)n(~µ′, t)dµ′1, dµ
′
2 . . . dµ
′
A︸ ︷︷ ︸
coagulation loss
−
C∑
i=1
∂
∂µi
(ciIc(~µ,~g, t)n(~µ, t))︸ ︷︷ ︸
gas-particle mass transfer
+ n˙emit(~µ, t)︸ ︷︷ ︸
emission
+λdil(t)(nback(~µ, t)− n(~µ, t))︸ ︷︷ ︸
dilution
(2.2)
Gas concentrations at time t are represented by ~g(t). The evolution of ~g(t) over time is modeled by the
following dynamic equation:
dgi(t)
dt
= g˙emit(t)︸ ︷︷ ︸
emission
+λdil(t)(gback,i(t)− gi(t))︸ ︷︷ ︸
dilution
+ Ri(~g)︸ ︷︷ ︸
chemical reactions
+
1
ρdry(t)
dρdry(t)
dt
gi(t)︸ ︷︷ ︸
air density change
−
∫ inf
0
∫ inf
0
. . .
∫ inf
0
Ii(~µ,~g, t)n(~µ, t), dµ1dµ2 . . . dµA)︸ ︷︷ ︸
gas-particle mass transfer
(2.3)
2.1.1 Coagulation
Each of the Np particles simulated at one time has the possibility of coagulating with any of the other (Np−1)
particles. The probability that any two particles ~µi and ~µj will coagulate is determined by the prescribed
coagulation kernelK(~µi, ~µj) (m3s−1). The PartMC coagulation algorithm is based on the standard stochastic
simulation algorithm from Gillespie [17]. At each fixed time step ∆t PartMC chooses a number of particles,
Ntest, random particles. The probability that a pair of particles (i, j) will coagulate within time step ∆t
depends on the total number of possible coagulation events Np(Np − 1), the coagulation kernel K(~µi, ~µj),
and the computational volume V . PartMC accepts a coagulation event with probability:
P (i, j) =
K(~µi, ~muj)∆t
V
Np(Np − 1)
Ntest
. (2.4)
In this study we apply a Brownian coagulation kernel, which is a function of the particle dry diameter
Ddry. The frequency of coagulation events, therefore, depends only on the size distribution and number
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Table 2.1: List of irreversible heterogeneous reactions included in MOSAIC
Irreversible Heterogeneous Reactions
Reactions with H2SO4(g)
CaCO3(s) + H2SO4(g)→ CaSO4(s) + H2O(g) ↑ +CO2(g) ↑
CaCl2(s, l) + H2SO4(g)→ CaSO4(s) + 2HCl(g) ↑
Ca(NO3)2(s, l) + H2SO4(g)→ CaSO4(s) + 2HNO3(g) ↑
2NaCl(s, l) + H2SO4(g)→ Na2SO4(s, l) + 2HCl(g) ↑
2NaNO3(s, l) + H2SO4(g)→ Na2SO4(s, l) + 2HNO3(g) ↑
(CH3SO3)2Ca(s, l) + H2SO4(g)→ CaSO4(s) + 2CH3SO3(l) ↑
Reactions with CH3SO3H(g)
CaCO3(s) + 2CH3SO3H(g)→ (CH3SO3)2Ca(s, l) + H2O(g) ↑ +CO2(g) ↑
CaCl2(s, l) + 2CH3SO3H(g)→ (CH3SO3)2Ca(s, l) + 2HCl(g) ↑
Ca(NO3)2(s, l) + 2CH3SO3H(g)→ (CH3SO3)2Ca(s, l) + 2HNO3(g) ↑
NaCl(s, l) + CH3SO3H(g)→ CH3SO3Na(s, l) + HCl(g) ↑
NaNO3(s, l) + CH3SO3H(g)→ CH3SO3Na(s, l) + HNO3(g) ↑
Reactions with HNO3(g)
CaCO3(s) + 2HNO3(g)→ Ca(NO3)2(s, l) + H2O(g) ↑ +CO2(g) ↑
CaCl2(s) + 2HNO3(g)→ Ca(NO3)2(s, l) + 2HCl(g) ↑
NaCl(s) + HNO3(g)→ NaNO3(s) + HCl(g) ↑
Reactions with HCl(g)
CaCO3(s) + 2HCl(g)→ CaCl2(s) + H2O(g) ↑ +CO2(g) ↑
Reactions with NH3(g)
NH4HSO4(s) + NH3(g)→ (NH4)2SO4
(NH4)3H(SO4)2(s) + NH3(g)→ 2(NH4)2SO4
2NaHSO4(s) + NH3(g)→ Na2SO4(s) + NH4HSO4
concentration of the simulated particles.
2.1.2 Coupled gas- and aerosol-phase chemistry
While the terms of the emission, dilution, and coagulation terms of equation 2.2 are solved stochastically, the
gas-particle mass transfer term in equations 2.2 and 2.3 are solved deterministically by the coupled chem-
ical model MOSAIC , as well as the gas-phase chemistry, emission, and dilution in equation 2.3 [46]. The
associated air density changes are determined by scaling the gas concentrations vector ~g and computational
volume V by the proportional change in dry air density. MOSAIC treats two categories of gas-particle reac-
tions: irreversible heterogenous reactions and gas-particle equilibrium reactions. The irreversible reactions
included in MOSAIC are outlined in Table 2.1, and the gas-particle equilibrium reactions are given in Table
2.2. These are the same reactions listed in Tables 1 and 2 in Zaveri et al. [46].
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Table 2.2: List of gas-particle equilibrium reactions included in MOSAIC
Equilibrium reaction
gas-solid
NH4Cl(s)↔ NH3(g) + HCl(g)
NH4NO3(s)↔ NH3(g) + HNO3(g)
gas-liquid
NH3(g)↔ NH3(aq)
HNO3(g)↔ H−(aq) + NO−3 (aq)
HCl(g)↔ H−(aq) + Cl−(aq)
gas-liquid
H2O(aq) + NH3 ↔ OH−(aq) + NH+4 (aq)
H2O(aq)↔ H+(aq) + OH−(aq)
HSO4(aq)↔ H−(aq) + SO2−4 (aq)
2.1.3 Emission and dilution
The parcel receives emissions according to a prescribed diurnal profile. The number concentration of particles
emitted into a volume V (m3) over a time step ∆t (s):
nemit(~µ; t0, t0 + ∆t) =
∫ t0+∆t
t0
n˙emit(~µ, t)dt (2.5)
≈ n˙emit(~µ, t0)∆t (2.6)
2.2 κ-Kohler model for computing CCN activity
The CCN activity of an aerosol population depends on the water vapor saturation of the cloud and the
hygroscopic properties of each particle. In air supersaturated with water vapor, hygroscopic particles may
activate into cloud condensation nuclei (CCN), which may grow into cloud droplets. For each particle, there
is a critical supersaturation Sc at which it will activate into CCN. We compute Sc with the κ-Kohler model
suggested by Petters and Kreidenweis [34].
The equilibrium saturation ratio S over an aqueous droplet of diameter Dp is given by:
S(D) = aw exp(
4σwMw
RTρwD
) (2.7)
where aw is the water activity of the solution, σw is the surface tension of the droplet, Mw is the molecular
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Table 2.3: Hygroscopicity parameter assigned to aerosol species
aerosol species κ citation
NO3 0.65 Clegg et al. [11], Petters and Kreidenweis [34], Svenningsson et al. [43]
SO4 0.65 Clegg et al. [11], Petters and Kreidenweis [34], Svenningsson et al. [43]
NH4 0.65 Clegg et al. [11], Petters and Kreidenweis [34], Svenningsson et al. [43]
SOA 0.1 Prenni et al. [37]
BC 0 Petters et al. [35]
OC 0.01 Petters et al. [35]
weight of water, R is the ideal gas constant, T is the ambient temperature, and ρw is the density of water.
For convenience, we use the hygroscopicity parameter introduced by Petters and Kreidenweis [34] which
is defined by its effect on the water activity of aw the solution:
1
aw
= 1 + κ
Vdry
Vw
(2.8)
Substituting 2.8 into 2.7, S is given by:
S(D) =
D3 −D3dry
D3 −D3dry(1− κ)
exp(
4σwMw
RTρwD
) (2.9)
The critical wet diameter Dc corresponds to the wet diameter at which the S(D) curve is maximal.
Inserting Dc into equation 2.9 yields the critical supersaturation Sc = S(Dc). The hygroscopcitiy parameter
κ for multi-component solutions is computed as a volume-weighted sum of the κi for each species:
A∑
i=1
κiVi
Vdry
(2.10)
Because PartMC tracks the mass composition of each simulated particle, we can determine κ and Ddry
for each particle if κi and ρi are known for each aerosol species i. We then compute Sc for each particle with
2.9. The values for κi and ρi assigned to aerosol species simulated in this work are outlined in 2.3.
2.3 Description of parameters used in sensitivity analysis
2.3.1 Characterization of the aerosol mixing state
We simulated 20 aerosol species (A = 20), so the aerosol mixing state is fully resolved as a 20-dimensional
distribution. However, because we focus on BC’s CCN activity, we are only interested in the particle
microphysical properties that determine whether or not a particle will activate. As explained in Section 2.2,
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under the κ-Kohler model Sc depends only on the particle’s dry diameter Dp and hygroscopicity parameter
κ and the ambient temperature. At each time step we can, therefore, plot each particle as a point in the
Ddry − κ space, as shown in Figure 3.1. Black lines of constant critical supersaturation Sc for T = 293.15
are plotted in the κ-Dp space. Particles whose Dp-κ combination fall above a given Sc line would activate
at the indicated supersaturation S value, and particles who fall below the Sc line would not activate at the
indicated supersaturation S.
Continuing with this approach, we can derive a two-dimensional number distribution nBC(Dp, κ). The
value of this distribution at a given Dp and κ indicates the number concentration of particles with this dry
diameter Dp and hygroscopicity parameter κ. The number distribution is defined as:
n(Ddry, κ, t) =
∂2N(Ddry, κ, t)
∂Ddry∂κ
(2.11)
The number distribution corresponding to figure 3.1 is shown in 3.2. Again these figures represent the
particle mixing state at t = 1hour (6:10 am) and t = 12hours (6:00 pm).
We can extend this approach to derive a one-dimensional distribution nBC(Sc). The value of nBC(Sc)
indicates the number concentration of particles with critical supersaturation Sc. This distribution can be
viewed as a one-dimensional projection of Figure 3.2 onto the Sc space, which is indicated by black lines in
3.2.
2.3.2 Characterizing CCN activation
Once Sc is computed for each particle at each time step, we can determine the number fraction of BC-
containing particles activated at some threshold supersaturation, or CCNBC/CNBC. We can determine the
mass of BC contained in each of these CCN-active and CCN-inactive particles and derive the mass fraction of
BC contained in CCN-active particles, or MBC,act/MBC, at some specified S. We derived the CCNBC/CNBC
and MBC,act/MBC spectra as a function of ambient supersaturation S for each simulation.
2.4 Description of urban plume simulations
We simulated BC-containing particles emitted into a parcel advected above and beyond a large urban area.
We ran a series of simulations, varying only the properties of the emitted BC. In this highly polluted case,
BC-containing particles age rapidly by condensation and coagulation [39, 40]. To evaluate the role of each
aging process separately, we simulated each emission scenario with 1) both condensation and coagulation,
2) condensation without coagulation, and 3) coagulation without condensation.
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Figure 2.1: Diagram of urban plume simulation
Table 2.4: Aerosol emissions and initial conditions for base case simulation
Initial/Background N(m−3) Dgmµm σg Composition by Mass
Aitken Mode 3.2× 109 0.02 1.45 50% (NH4)2SO4, 50% POA
Accumulation Mode 2.9× 109 0.116 1.65 50% (NH4)2SO4, 50% POA
Emissions E(m−2s−1) Dgmµm σg Composition by Mass
Meat cooking 9× 106 0.0865 1.9 100% POA
Diesel vehicles 1.6× 108 0.05 1.7 30% POA, 70% BC
Gasoline vehicles 5× 107 0.05 1.7 100% POA
The simulation setup is depicted in Figure 2.1. The simulation starts at 6:00 am, at which time the
parcel contains background air. During the advection process, the parcel receives gas and aerosol emissions
according to a diurnal profile. Secondary aerosol mass is rapidly produced throughout the day through
photochemical reactions, shown in top panel of Figure 2.2. NO3 and NH4 are the dominant secondary
products. At 6:00 pm all emissions are discontinued until the simulation ends at 6:00 am the following day.
The temperature, mixing height, and relative humidity also vary according to a prescribed a diurnal profile.
The background gas- and aerosol particle concentrations, gas and aerosol emissions, and environmental
properties are the same as in Riemer et al. [39]. The background size distribution is bimodal, with aitken and
accumulation modes. Diesel and gasoline particles are emitted in a size range between the size distributions
of the two background distributions. The parameters assigned to background and emitted particles are
outline in 2.4. During the day, the particle number concentration increases as particles are emitted, shown
in bottom panel of Figure 2.2. The number-based emission strength of diesel particles far exceeds number-
based emissions from any other source. In this case a significant portion of the diesel particles mix with
background particles by coagulation, shown by the BC-coagulation mode in the bottom panel of 2.2.
We assessed the sensitivity of BC’s aging processes to assumptions of microphysical properties at emission
by varying the microphysical properties that alter BC’s CCN activity, Dp and κ (explained in Section 2.2
and 2.3.1). Because particle-resolved measurements are limited, we initialize particles in a given mode with
the same composition, which corresponds to a single κ for all particles in the mode. We assume the particle
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Figure 2.2: Evolution of aerosol number and species mass for a single emission scenario simulated with both
condensation and coagulation
size distribution of emitted and background particles is a sum of lognormal distributions. The range of κ
and Dp distributions assigned to BC emissions in the sensitivity analyses presented in this paper are shown
in Figure 2.3.
We first present results for a single base case emission scenario as an example (Dp,gm = 50nm, κ =
6.5 × 10−5). This case corresponds to emissions outlined in Table 2.4. In all three aging regimes the
particle number concentration increases as particles are emitted from 6:00 am until 6:00 pm, shown in Figure
2.4. Coagulation reduces the total particle number concentration, and, consequently, the total number
concentration is significantly higher when coagulation is not simulated. When chemistry was simulated
secondary aerosol ammonium nitrate was rapidly generated by photochemical reactions and condenses on
particle surfaces during the daytime hours, increasing the aerosol dry mass concentration between 11:00 am
to 5:00 pm.
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Figure 2.3: Range of Dp and κ distributions assigned to BC-containing particles in the sensitivity simulations
Figure 2.4: Overall number (top) and mass (bottom) concentration of the plume simulated with 1) conden-
sation and coagulation, 2) condensation alone, and 3) coagulation alone
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Chapter 3
Results
3.1 Evolution of CCN properties in an urban plume
In this section we present model results for the evolution of BC’s microphysical properties and CCN activity
for a single emission scenario. In this case BC is emitted as a distribution of small, hydrophobic particles
(Dp,gm = 0.05µm, κ = 0.0065). We simulated the same scenario three times, allowing particles to age by
1) both condensation and coagulation, 2) condensation alone, and 3) coagulation alone. The microphysical
properties and CCN activity of BC-containing particles are presented for the first time step after BC emissions
begin (6:10 am) then every three hours until the simulation ends at 6:00 am the following morning.
When both condensation and coagulation are simulated, BC-containing particles increase in size and
hygroscopicity as they coagulate with pre-existing particles and are coated by condensation of secondary
aerosol, causing their critical supersaturation Sc to decrease. The properties of BC-containing particles are
plotted as a function of Dp and κ in Figure 3.1 in a simulation where particles age by both condensation and
coagulation. Lines of constant critical supersaturation Sc are drawn in the Dp − κ space. As an example,
consider the line corresponding to Sc = 0.3. Particles with Dp−κ combinations that fall above the Sc = 0.3%
line would activate into CCN at S > 0.3. To illustrate the influence of coagulation, the particles that have
coagulated between t = 0 and t = t are colored purple. These particles tend to have the greatest values of
Dp and κ and, consequently, the lowest values for Sc of all BC-containing particles at each time step.
The changes in the particle mixing state that are relevant for CCN activity are visualized in the two-
Figure 3.1: Scatter of BC’s microphysical properties, Dp and κ. Particles that have aged by coagulation
between t = 0 and t are colored purple
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Figure 3.2: 2d number distribution of Dp and κ for BC-containing particles simulated 1) with condensation
and coagulation, 2) condensation alone, and 3) coagulation alone
dimensional distribution nBC(Dp, κ), which is normalized by the total number of BC-containing particles.
This series of figures is presented for a simulation with both condensation and coagulation in the first
row, condensation alone in the second row, and coagulation alone in the third row. The normalized two-
dimensional distribution nBC(Dp, κ) is plotted every three hours from t = 10 minutes (6:10 am) to t = 24
hours (6:00 am the following day).
At 6:10 am the BC-containing particles had only been emitted within the previous 10 minutes of sim-
ulation, so nBC(Dp, κ) reflects the size and composition prescribed for BC-containing particles at emission
(Dp,gm = 0.05µm, κ = 6.5 × 10−5), as shown in the top row of Figure 3.2. From 6:10 am to 12:00 pm
the distribution moves toward the upper right corner of the plot, indicating that individual BC-containing
particles increase in Dp and κ, and as a result, the particles activate at a lower critical supersaturation Sc.
The effect of condensation and coagulation can be evaluated separately by comparing the simulation with
both condensation and coagulation (1st row of 3.2) with a simulation with condensation alone (2nd row of 3.2)
and a simulation with coagulation alone (3rd row of 3.2). Condensation alters the size and composition of the
bulk of particles, causing the distribution to gradually move toward high κ and Dp values. Coagulation, on
the other hand, does not affect as many particles; when coagulation alone is simulated, many BC-containing
particles remain in their initial size distribution at the end of the simulation. However, the particles that
age by coagulation tend to be the most hygroscopic of the BC-containing particles.
The distribution in BC-containing particles Sc values nBC(Sc) is shown Figure 3.3 for the three simula-
tions of this emission scenario. At 6:10 am, all of the freshly emitted maintain the high values for Sc with
which they were emitted, and all particles require Sc greater than 1% to activate into CCN. Consequently,
at this time CCNBC/CNBC = 0% (Figure 3.4). The particles have not had time to age by condensation
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Figure 3.3: Normalized number distribution of BC-containing particles’ critical supersaturation values Sc
for a single emission scenario
Figure 3.4: Number fraction of BC-containing particles activated as a function of critical supersaturation
for a single emission scenario
Figure 3.5: Normalized distribution of BC mass as a function of the critical supersaturation value Sc of the
particle in which it its contained. Results shown for a single emission scenario
Figure 3.6: Mass fraction of BC contained in CCN-active particles as a function of supersaturation for a
single emission scenario
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or coagulation, so nBC(Sc) and CCNBC/CNBC reflect the properties prescribed for emitted particles and is
identical at 6:10 am for all three simulations.
After a few hours the BC-containing particles’ hygroscopic properties change, but these changes depend
on the chemical environment in which particles are emitted. BC-containing particles’ Sc values gradually
decrease when particles age by condensation, causing nBC(Sc) to move to the left toward lower values of Sc.
After only 6 hours of simulation, the number fraction of CCN-active particles CCNBC/CNBC at S = 0.6%
increase from less than 5% at 6:10 am to 75% at 12:00 pm when particles age by condensation alone.
However, aging by condensation alone does not efficiently increase CCNBC/CNBC at low supersaturation
values. For example, in this case fewer than 5% of BC-containing particles are CCN at S = 0.1% after 24
hours of simulation.
While aging by condensation increases BC’s CCN activity at high supersaturation thresholds (S > 0.3%),
aging by coagulation is important for increasing CCNBC/CNBC at the lowest supersaturation thresholds.
Although the bulk of particles maintain their original high Sc values in simulations with coagulation alone,
a mode of particles with Sc < 0.3% develops in Figure 3.3 owing to coagulation events between small BC-
containing particles and pre-existing hygroscopic particles. These changes in Sc for individual BC-containing
particles is reflected in the CCNBC/CNBC curves in Figure 3.4.
CCNBC/CNBC is always greater when particles age by both condensation and coagulation than when they
age by either process in isolation (Figure 3.4). Condensation causes a dramatic increase in CCNBC/CNBC
at most supersaturation values, but coagulation influences CCNBC/CNBC at low supersaturation values.
The combined effects of condensation and coagulation results in the greatest values for CCNBC/CNBC at all
supersaturation thresholds S.
The evolution of the number-based CCN properties differ substantially from the mass-based CCN prop-
erties. In particular, although aging by coagulation significantly increases CCNBC/CNBC for S < 0.3%
(Figure 3.4), it is not as important in increasing the mass fraction of BC contained in CCN-active particles
MBC,CCN/MBC(Figure 3.6). In the scenario presented here CCNBC/CNBC for simulations in which particles
age by coagulation alone were more than twice that for simulations in which particles age by condensation
alone. However, because the particles that age by coagulation tend to be the smallest in the distribution,
most of the BC mass is contained in particles with Sc > 0.6% (3.5). Consequently, at the end of the
simulation less than 5% of BC mass is contained in particles that would activate at S = 0.6.
On the other hand, condensation efficiently increases the fraction BC mass contained in CCN-active
particles. MBC,CCN/MBC quickly increases for S = 0.2% to S = 2% between 9:00 am and 3:00 pm when
condensation is simulated. MBC,CCN/MBC increases from 25% at 9:00 am to 50% at 6:00 am the follow-
17
Table 3.1: Four emission scenarios with particles emitted with varied dry diameter and hygroscopicity
ing morning. By comparing MBC,CCN/MBC for simulations with both condensation and coagulation to
MBC,CCN/MBC for simulations with condensation alone (black and dark grey lines of Figure 3.5), it is clear
that condensation dominates aging of BC mass. Although MBC,CCN/MBC is slightly greater for simulations
of both condensation and coagulation, the two lines nearly overlap. This implies that coagulation contributes
very little to increasing MBC,CCN/MBC.
In this section, we demonstrated that not all aging processes are the same. Because condensation and
coagulation affect different particles and increase CCN activity at different supersaturation thresholds, aging
schemes must represent each process separately. Coagulation cannot be ignored if one is interested in
computing number-based CCN properties, but our results indicate that coagulation is much less important
in aging BC mass. Condensation, on the other hand, effectively increases both the number fraction of
BC-containing particles activated into CCn and the mass of BC contained in CCN-active particles.
3.2 Sensitivity of the evolution of the BC mixing state to
particle microphysical properties at emission
In this section we present two-dimensional number distributions nBC(Dp, κ) for four BC emission scenarios.
In section 3.1 we showed that nBC(Dp, κ) evolves rapidly when BC is emitted as a distribution of small,
hydrophobic particles. Here, we analyze how the evolution of that distribution is different for BC-containing
particles emitted with different microphysical properties. In this section we compare four emission scenarios,
which are a subset of the full set of sensitivity simulations that are presented in Section 3.3. The emission
parameters for the four scenarios described in this section are outlined in Table 3.1.
nBC(Dp, κ) is plotted at three times for each of these emissions scenarios in Figures 3.7(a), 3.7(b), 3.7(c),
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and 3.7(d). Just as in section 3.1, each scenario is simulated with 1) condensation and coagulation (top row
of each figure), 2) condensation alone (middle row), and 3) coagulation alone (bottom row). The figures in
Figure 3.7(a) correspond to the time 6:10 and, 12:00 pm, and 6:00 pm in Figure 3.2.
In the scenario that was presented in detail in 3.1 BC is emitted as small (Dp,gm = 0.05µm) and
hydrophobic (κ = 0.00065) particles. The microphysical properties of these particles change rapidly causing
the distribution to move toward the northeast corner of the plot. When particles age by condensation
alone (middle row), the particle distribution gradually move toward the larger values for Dp, and κ. A
larger number of particles are affected by condensation, but the most hygroscopic particles tend to age by
coagulation (bottom row). This reflects the results shown in Figure 3.2.
When BC is emitted with the same small size distribution (Dp,gm = 0.05µm) but with a small coating
of soluble aerosol (κ = 0.065) the evolution of n(Dp, κ) is less dramatic, but the particles clearly grow and
become more hygroscopic over the course of the simulation. The results for this emission scenario are shown
in Figure 3.7(b). When condensation is not simulated and particles age by coagulation alone, some particles
become more hydrophobic over the course of the simulation. These particles move toward lower values for
κ by coagulation with insoluble, non-BC emissions.
n(Dp, κ) for BC-containing particles emitted with Dp,gm = 0.2µm are presented in Figure 3.7(c) for
κ = 6.5 × 10−5 and Figure 3.7(d) for κ = 0.065. When BC is emitted as large, hydrophobic particles, the
particles rapidly become more soluble as they are coated with hygroscopic secondary aerosol and the n(Dp, κ)
distribution moves toward the upper right corner. However, when condensation is not simulated and particles
age by coagulation alone (3rd row of 3.7(c)), the particles’ hygroscopic properties do not increase as much as
they do when BC is emitted as small particles (3rd row of 3.7(a)). When BC is emitted as large semi-soluble
particles (Figure 3.7(d)), n(Dp, κ) remains unchanged throughout the simulation. Particles emitted in this
highly CCN-active corner of the κ −Dp space remain in this space regardless of the environment in which
they are processed.
Although CCN activation by fresh BC-containing particles is highly sensitive to microphysical properties
at emission, the microphysical properties of CCN-inactive particles change rapidly after emission. Particles
emitted with a small size distribution (Dp,gm = 0.05µm) or as hydrophobic particles (κ = 6.5×10−5) rapidly
increase in size and hygroscopicity over the course of the simulation when condensation is simulated. In this
way the microphysical properties of the small, hydrophobic particles that age by condensation become more
like the properties of the large, hygroscopic particles after hours of processing. This implies that CCN
activity becomes less sensitive to initial particle properties over time, and one can assume that these details
of particle properties at emission are less important in this regime. However, it should be noted that we
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(a) normalized nBC(Dp, κ) for scenario in which BC is
emitted with Dp,gm = 0.05µm and κ = 6.5× 10−5
(b) normalized nBC(Dp, κ) for scenario in which BC is
emitted with Dp,gm = 0.05µm and κ = 0.065
(c) normalized nBC(Dp, κ) for scenario in which BC is emit-
ted with Dp,gm = 0.2µm and κ = 6.5× 10−5
(d) normalized n(Dp, κ) for scenario in which BC is emitted
with Dp,gm = 0.2µm and κ = 0.065
Figure 3.7: 2d number distribution 1) with condensation and coagulation, 2) condensation alone, and 3)
coagulation alone
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simulate the same number emission rate for all scenarios and not the same mass emission rate, so we do not
investigate the role of increasing the number emission rate by reducing the particle size.
3.3 Sensitivity of the CCN activity of aging BC to particle
microphysical properties at emission
Here we present model results for three set of sensitivity simulations, which are outlined in Table 3.2. We
analyze changes to the distribution of BC-containing particles’ critical supersaturation values Sc with a
one-dimensional number distribution nBC(Sc, t) and BC mass distribution mBC(Sc, t). We compute the
corresponding CCNBC/CNBC and MBC,act/MBC spectra. We present results for three sets of emission
scenarios, which are outlined in Table 3.2. Similar to the approach presented in section 3.2, we alter the
prescribed BC emission distribution in the Dp − κ space. As in sections 3.1 and 3.2, we simulate each set
of emission scenarios with condensation and coagulation, condensation alone, and coagulation alone. As in
Figure 3.7 results are presented at three time steps (6:10 am, 12:00 pm, and 6:00 pm). In Section 3.3.1 we
present results for a series of simulations for which the size distribution was varied, but the composition was
the same for all simulations (rows 1 through 5 of Table 3.2). In Section 3.3.2 we present results of simulations
for which we varied the composition with Dp,gm = 0.05µm (rows 6 through 10 of Table 3.2). In Section 3.3.3
we present results of simulations for which we varied the composition with Dp,gm = 0.2µm (rows 11 through
15 of Table 3.2).
3.3.1 Sensitivity to emission size distribution
Here we present results for simulations in which the size of BC-containing particles was varied, but the
composition was the same. This corresponds to the first set of simulations in 3.2.
At 6:10 am, BC-containing particles were only recently emitted to the plume, so most particles maintain
the microphysical properties assigned to them at emission (3.8(a)). In the κ-Kohler model (2.2 Sc decreases
with particle dry diameter Dp, so particles emitted with the smallest size distribution (Dp,gm = 0.025µm)
have the highest values for Sc at 6:10 am. At this time fewer than 10% of BC-containing particles emitted
with Dp,gm = 0.025µm are CCN-active at S < 1% (yellow curve in Figure 3.8(c)). BC-containing particles
emitted with the largest size distribution (Dp,gm = 0.4µm) have lower critical supersaturation values, nearly
half with Sc < 0.1% (red curve in Figure 3.8(c)).
Although at 6:10 am BC-containing particles emitted with a small size distribution (Dp,gm = 0.025µm)
are much less CCN-active than particles emitted with a large size distribution (Dp,gm = 0.4µm), BC’s
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Table 3.2: Full set of emission scenarios for sensitivity analysis
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CCN activity becomes less sensitive to initial size after several hours of processing when particles aged by
condensation alone (2nd rows of 3.8(a)). As a result the CCNBC/CNBC curves for these simulations gradually
move closer together for when the scenarios are simulated with condensation alone, but CCNBC/CNBC for
BC emitted as large particles (e.g. Dp,gm = 0.2µm) is always greater than CCNBC/CNBC for BC emitted as
large particles (e.g. Dp,gm = 0.05µm). In the other limiting case, when particles age by coagulation alone,
CCNBC/CNBC for BC emitted with Dp,gm = 0.025µm is greater than CCNBC/CNBC for BC emitted with
Dp,gm = 0.05µm, 0.1µm, and 0.2µm at the lowest supersaturation thresholds. When both condensation
and coagulation are simulated, CCN BC/CNBC after 24 hours of processing is insensitive to the particle
size distribution at emission. However, when condensation (middle row) or coagulation (bottom row) are
simulated in isolation, the results varied considerably between simulations. In all cases, CCNBC/CNBC is
considerably less sensitive to the size distribution of the emitted particles after 24 hours of processing than
after 10 minutes of processing.
The mass fraction of BC contained in CCN-active particles MBC,CCN/MBC is more sensitive to the pre-
scribed size distribution than CCNBC/CNBC for all aging regimes. While coagulation increases CCNBC/CNBC
at low supersaturation thresholds (S < 0.2%), MBC,CCN/MBC does not change significantly for any emission
scenario when particles aged by coagulation alone. As explained in Section 3.1, the particles that age by
coagulation are typically the smallest in the distribution and, therefore, contain very little BC mass. There-
fore, even if many of these small particles are encompassed in CCN-active particles by coagulation events,
most of the BC mass remains in CCN-inactive particles. When condensation was simulated, MBC,CCN/MBC
increases significantly for BC emitted with the smallest size distributions over the course of the simulation.
After 18 hours of processing, MBC,CCN/MBC is much less sensitive to the initial size distribution, particularly
at the lowest supersaturation thresholds, but the exact sensitivity depends on the aging conditions in which
the particles were emitted. For example, when particles age by both condensation and coagulation values
for CCNBC/CNBC range from 75% to 95% at S = 0.3%, while MBC,CCN/MBC range from 50% to 100% for
the same supersaturation threshold.
In highly polluted areas, where particles age rapidly by both condensation and coagulation, the number
fraction of particles that are CCN-active and the mass of BC contained in CCN-active particles is insensitive
to the emission size distribution. If the number emission rate is known, CCN activity can be assumed to be
the same for BC emitted within the size ranges considered here (Dp,gm = 0.025µm to Dp,gm = 0.4µm) after
hours of processing in highly polluted areas. When particles aged by coagulation alone, the results were
highly sensitive to the initial size. It is, therefore, important to characterize the role of condensation and
coagulation separately in each aging regime.
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(a) Normalized number distribution of BC-containing par-
ticle critical supersaturation values nBC(Sc)
(b) Normalized distribution of BC mass as a function of
the critical supersaturation of the particle in which it is
contained mBC(Sc)
(c) Number fraction of CCN-active BC-containing particles
CCN/CN
(d) Mass fraction of BC contained in CCN-active particles
MCCN,BC/MBC
Figure 3.8: Resulting CCN properties for 5 emission scenarios with Dp,gm = 0.025µm, 0.05µm, 0.1µm,
0.2µm, and 0.4µm
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3.3.2 Sensitivity to emission composition, Dp,gm = 0.05µm
In this section we present results for scenarios in which we varied the composition of BC-containing particles
and, consequently, the prescribed hygroscopicity parameter κ. In these simulations BC was emitted with
Dp,gm = 0.05µm. Analogous results for Dp,gm = 0.2µm are presented in Section 3.3.3.
As in Section 3.3.1, the distribution in Sc values for BC-containing particles varies greatly across sim-
ulations at 6:10 am. nBC(Sc, t) shifts rapidly to the left toward lower values of Sc when condensation is
simulated (1st and 2nd rows of 3.9(a)). Consequently, under these aging conditions CCNBC/CNBC increases
over the first hours of simulation from 0% at 6:10 am to 80% at 12:00 pm for S = 1% when BC is emitted
in very hydrophobic particles (κ = 6.5 × 10−5). However, in this case fewer then 10% are CCN-active
at S = 0.1% after 18 hours of processing. On the other hand, nearly 50% of BC-containing particles are
CCN-active at S = 0.1% when BC-containing particles are emitted as soluble particles.
When particles age by coagulation alone, a small mode of very hygroscopic particles forms with critical
supersaturation values ranging from Sc = 0.01% to S = 0.3% (3rd row of 3.9(a)). For all aging regimes in
this set of emission scenarios, CCNBC/CNBC at 12:00 am (t = 18 hours) was more sensitive to the emission
composition between S = 0.3% and S = 3% than for lower values for S. CCNBC/CNBC was least sensitive
to particle composition at emission when particles aged by both condensation and coagulation (top row).
CCNBC/CNBC curves for BC emitted with a κ parameter less than 0.065 coincide at S < 0.2%.
Similar to the results in Section 3.3.1, the mass fraction of BC contained in CCN-active particles
MBC,CCN/BC is more sensitive to the composition assigned to BC-containing particles than CCNBC/CNBC.
Because condensation causes κ of hydrophobic particles to increase (Sections 3.1 and 3.2), MBC,CCN/BC
becomes less sensitive to the composition of emitted BC-containing particles. Aging by coagulation does not
significantly alter MBC,CCN/BC for any of the simulations. Similar to results in Section 3.3.1, even after 18
hours of processing MBC,CCN/BC remains highly sensitive to the composition assigned to BC emissions.
When emitted with a small size distribution, after hours of processing the number fraction of CCN-active
particles and mass fraction of BC contained in CCN-active particles is more sensitive to the composition of
the emitted particles at high supersaturation thresholds than low supersaturation thresholds. In particular,
for S = 0.6% the number fraction of CCN-active particles varies from 27% to 88% and the BC mass contained
in CCN-active particles varies from 35% for the most hydrophobic emissions to 75% for the most hygroscopic
emissions when particles age by coagulation alone. Again particles are much less sensitive to their initial
properties when condensation is simulated, which implies that it is less important to know the details of
BC’s microphysical properties in this aging regime.
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(a) Normalized number distribution of BC-containing par-
ticle critical supersaturation values nBC(Sc)
(b) Normalized distribution of BC mass as a function of
the critical supersaturation of the particle in which it is
contained mBC(Sc)
(c) Number fraction of CCN-active BC-containing particles
CCN/CN
(d) Mass fraction of BC contained in CCN-active particles
MCCN,BC/MBC
Figure 3.9: 2d number distribution 1) with condensation and coagulation, 2) condensation alone, and 3)
coagulation alone
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3.3.3 Sensitivity to emission composition, Dp,gm = 0.2µm
The CCNBC/CNBC spectra for the third set of simulations (Fig. 3.2) are shown in Figure 3.10(c). When
emitted as large particles (Dp,gm = 0.2µm), CCNBC/CNBC is highly sensitive to the composition assigned to
emitted particles at low supersaturation thresholds, but insensitive to composition at high supersaturation.
Particles in this simulation are emitted with a larger diameter, so a greater portion are able to activate at
S = 0.6% after an hour of simulation (6:10 am) than the scenario presented in 3.3.2. After 24 hours of
simulation, more than 95% of particles are CCN active at S = 0.6% for all scenarios when condensation is
simulated.
CCNBC at 0.6% is sensitive to particle composition at emission, however, for scenarios with BC emitted
as very hydrophobic particles (κ < 6.5× 10−3 if particles age by coagulation alone. When BC is emitted as
large particles, even a small change in sulfate coating. Increasing SO4 content from 0.01% (κ = 6.5× 10−5)
to 0.1% (κ = 6.5× 10−5), for example, increases CCNBC after 24 hours for S = 0.6% from 77% to 90%. A
further increase from 0.1% SO4 to 1% results in a further increase in CCNBC at S = 0.6% to 98%.
CCN activity at S = 0.1% is highly sensitive to the composition assigned to BC-containing particles at
emission for all aging regimes. At all time steps, BC emitted as hygroscopic particles is much more CCN
active than BC emitted as hydrophobic particles when condensation was simulated. For example, 70% of
BC would activate at 0.1% when emitted with 10% SO4 and 90% BC (κ = 6.5 × 10−2), where 49% would
activate if emitted with 1% SO4 (κ = 6.5−2). However, CCNBC at 0.1% after 24 hours of processing is
insensitive to κ of emitted BC-containing particles for κ < 6.5 × 10−3 when condensation is simulated,
differing by less than 7% between scenarios in a given regime. In the other limiting case, when particles
age by coagulation alone, CCNBC is highly sensitive to the composition assigned to BC-containing particle
emission for all values of κ.
Similar to our findings in Sections 3.3.1 and 3.3.2, MBC,CCN/MBC is highly sensitive to emission properties
when particles age by coagulation alone and is much less sensitive to emission properties when particles age
by condensation alone. After 18 hours of aging by condensation alone greater than 75% of BC mass is
contained in particles that would activate at S > 0.2%, and results are insensitive to particle composition
at emission.
When BC is emitted as large particles, the number fraction of CCN-active particles and mass fraction of
BC contained in CCN-active particles is highly sensitive to the emission composition at low supersaturation
thresholds, but insensitive to the emission composition at high supersaturation thresholds. Even when
particles age by both condensation and coagulation, the number-fraction of CCN active particles ranges
from 45% to 86% and the mass fraction of BC contained in CCN-active particles ranges form 41% to 75%.
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This suggests that it’s far more important to know the emission composition of large particles than small
particles if one is interested in computing CCN activity at low supersaturation thresholds, which are the
most relevant in the atmosphere. However, it should be noted that we prescribed the same emission rate for
particles in this section and Section 3.3.2, rather than the emission mass.
3.4 Summary of results
. The results of the sensitivity analysis are summarized in 3.3, which shows CCNBC/CNBC andMBC,CCN/MBC
after 18 hours of processing (12:00 am) for S = 0.1% and S = 0.6%. The sensitivity to emission properties
depends strongly on the chemical environment in which BC-containing particles are emitted and the specified
supersaturation threshold. Small particles are more likely to age by coagulation than large BC-containing
particles (see Sections 3.2 and 3.3). On the other hand, BC emitted as large particles have a lower Sc when
they are emitted and are more readily activated by condensation. For this reason, when particles age by
coagulation alone, BC emitted with the largest (Dp,gm = 0.4µm) and smallest (Dp,gm = 0.025µm) are more
CCN active at 0.1% than particles emitted with a size distribution between these two extremes. However,
the large particles contain the bulk of the BC mass, so even if the smallest BC-containing particles age by co-
agulation in these simulations the bulk of the BC mass remains CCN-inactive. Therefore, MBC,CCN/MBC at
0.1% at 12:00 am does differ substantially between simulations for BC emitted with Dp,gm between 0.025µm
and 0.02µm when particles age by coagulation alone. At S = 0.6% CCNBC/CNBC and MBC,CCN/MBC tend
to increase with Dp,gm.
In this polluted plume scenario, the composition of BC-containing changes rapidly owing to condensation
and coagulation. Under these conditions BC that is emitted as small, hydrophobic particles (Section 3.1)
quickly increases in size and solubility. In this case, condensation reduces Sc for the bulk of BC-containing
particles, the BC-containing particles with lowest Sc values are generally particles that result from coagu-
lation events between the smallest BC-containing particles and large pre-existing particles. Consequently,
CCNBC/CNBC is greater at low supersaturation thresholds when particles age by coagulation alone, but is
greater at high supersaturation thresholds holds when particles age by condensation alone. However, because
the particles that age by coagulation are generally the smallest in the distribution, aging by coagulation does
not significantly alter MBC,CCN/BC at any S. CCNBC/CNBC is greatest at all S when particles age by both
condensation and coagulation. MBC,CCN/BC is greater at all S when condensation is simulated.
If BC-containing particles age only by condensation, CCNBC/CNBC and MBC,CCN/MBC increases with
Dp,gm for all S. When BC ages by both condensation and coagulation, the most realistic simulation of
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(a) Normalized number distribution of BC-containing par-
ticle critical supersaturation values nBC(Sc)
(b) Normalized distribution of BC mass as a function of
the critical supersaturation of the particle in which it is
contained mBC(Sc)
(c) Number fraction of CCN-active BC-containing particles
CCN/CN
(d) Mass fraction of BC contained in CCN-active particles
MCCN,BC/MBC
Figure 3.10: 2d number distribution 1) with condensation and coagulation, 2) condensation alone, and 3)
coagulation alone
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Table 3.3: summary of results
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this highly polluted case, both CCNBC/CNBC and MBC,CCN/MBC are much less sensitive to Dp,gm than
when either condensation or coagulation are simulated in isolation. CCNBC/CNBC and MBC,CCN/MBC at
S = 0.6% strictly increases with Dp,gm assigned to BC-containing particles, but BC emitted with Dp,gm =
0.025µm is slightly more CCN-active at low supersaturation thresholds than Dp,gm = 0.05µm. This indicates
that coagulation-induced aging, which predominantly affects BC emitted as small particles, is more important
at low S.
Aging by coagulation tends to affect BC emitted as small particles and is most important at low S,
and aging by condensation tends to affect BC emitted as large particles and is most important at high S.
Therefore, the sensitivity of BC’s aging CCN properties to the composition of emitted particles depends on
the emitted size distribution and the specified supersaturation threshold. CCNBC/CNBC and MBC,CCN/MBC
at 12:00 am is less sensitive to emission composition at S = 0.1% than at S = 0.6% when particles are emitted
with Dp,gm = 0.05µ for all aging conditions. Conversely, CCNBC/CNBC and MBC,CCN/MBC is less sensitive
to emission composition at S = 0.6% than at S = 0.1% when particles are emitted with Dp,gm = 0.2µm.
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Chapter 4
Summary and conclusions
We simulated the evolution of BC-containing particles in a polluted plume and analyzed role of condensation
and coagulation in aging BC’s CCN properties. We assessed the sensitivity of BC’s aging processes to particle
microphysical properties at emission by running a series of simulations, varying only the size distribution
and composition assigned to BC emissions. To understand the influence of each aging process on BC’s CCN
activity, we simulated each scenario with 1) condensation and coagulation, 2) condensation alone, and 3)
coagulation alone. At every time step we computed the dry diameter Dp, volume-weighted hygroscopicity
parameter κ, and critical supersaturation Sc for each BC-containing particle. We compared the distribution
of these microphysical properties and the resulting CCN activity across simulations. We first presented
results a single emission scenario simulated (Dp,gm = 0.05µm, κ = 6.5× 10−5) with varied aging conditions
(Section 3.1), and presented result for the sensitivity analysis of series of emission scenarios for which we
varied the size distribution and solubility assigned to BC-containing particle emissions (Sections 3.2 and
3.3).
In summary:
• Condensation and coagulation alter BC’s CCN activity in distinct ways
• Regardless of the aging processes simulated, BC’s CCN activity becomes less sensitive to the micro-
physical properties of emitted particles over the course of the simulation
• Coagulation is most important in increasing the number fraction activated at low supersaturation
thresholds (S < 0.2%), while condensation is most important in increasing the number fraction acti-
vated at high supersaturation thresholds (S > 0.3%)
• Coagulation is important in aging the smallest BC-containing particles and, therefore, does not effec-
tively transfer BC mass to CCN-active particles
• In regimes of rapid condensation, number-based CCN properties are more sensitive to the initial
composition when BC is emitted as small particles
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• BC’s number-based CCN activity is more sensitive to initial composition at low supersaturation thresh-
old (S = 0.1%) when emitted with a large size distribution (Dp,gm = 0.025µm) and is more sensitive
to initial composition high supersaturation thresholds (Dp,gm = 0.025µm)
CCN-active BC-containing particles are susceptible to wet scavenging and removal from the atmosphere,
so one must understand the evolution of particle hygroscopic properties soon after emission to assess BC’s
climate impact. We found that the sensitivity of processed BC’s CCN activity to particle properties at emis-
sion depends on both the aging conditions in which particles were emitted and the specified supersaturation
threshold for activation. In urban areas that promote rapid aging by both condensation and coagulation,
BC’s CCN activity is much less sensitive to its initial hygroscopic properties after hours of processing than
when particles are freshly emitted. This suggests that under highly polluted conditions, it is less important
to know the microphysical properties of emitted particles in these areas.
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